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Abstract 
 
 
In this thesis a Capacitive Quenching Circuit (CQC) is modelled using Linear Technology's 
Simulation Program with Integrated Circuit Emphasis (LT SPICE). Key components are 
optimised and the entire circuit is modelled. Once satisfied with the simulation, Printed 
Circuit Board (PCB) design is considered. Computer programs Intelligent Schematic Input 
System (ISIS) and Advanced Routing and Editing Software (ARES) are used to produce a 
schematic and a virtual PCB which was submitted for fabrication. The circuit is then 
constructed and the results are compared to modelled and published data. 
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Chapter One - Introduction 
 
 
1.1 Background 
 
Single Photon Avalanche Detectors (SPADs) are a subset of Avalanche Photodiodes (APDs). 
APDs were researched and developed to replace Photo Multiplier Tubes (PMTs) in 
numerous applications, most notably optical communications, due to the advantages 
offered by the solid state components such as smaller dimensions, lower operating voltages, 
greater robustness and immunity to magnetic fields [01]. APDs amplify photocurrent by a 
significant factor, allowing them to be used as very sensitive detectors.  
 
SPADs are operated in so-called ‘Geiger Mode’ with the reverse bias exceeding their 
avalanche breakdown voltages. When in this mode, absorption of a single photon by a SPAD 
can result in a large detectable avalanche current pulse that increases rapidly with time [02]. 
This is possible because one of the two photo-generated carriers, electron or hole, may 
initiate an avalanche breakdown through successive impact ionisation events. Although 
APDs also utilise successive impact ionisation events to provide avalanche gains, they 
operate in linear mode which limits the maximum gain. A large reverse bias is essential to 
produce a high electric field within the SPAD to facilitate the impact ionisation. Once a 
photon is detected the resulting avalanche is self-sustaining, meaning that until the voltage 
is reduced to a level below breakdown, current will continue to flow [02][03]. 
 
Disruption of the avalanche process is termed quenching, and involves external components 
or circuitry [02]. After the detection of a photon the current becomes very large and 
additional photons will contribute little to the total current, hence it will be difficult to 
distinguish a one photon event from a multiple photon event. In order to detect subsequent 
photons the addition of a quenching circuit to the SPAD is required. Also, in the event of a 
large current, the diode is likely to be damaged by excess heat [03]. Since the SPAD must be 
operated with a quenching circuit, the design of the quenching circuitry is often integral to 
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the overall device performance, and often compromises are made depending on the 
targeted applications. 
 
Some limitations of the current quenching circuits include an upper limit on the operation 
frequency, formation of high and low pass filters and poor synchronisation with the device. 
These limit the achievable data rate, distort the over-bias pulses and cause quenching to not 
take place as soon as an avalanche current begins to build up, respectively. This is mainly 
caused by active components like fast transistors and comparators that require external 
power to operate, in order to attempt to detect the avalanche and respond accordingly [04]. 
A Capacitive Quenching Circuit (CQC) was designed by Dimler et al., to overcome these 
problems and is discussed further in 1.5.9 [05]. The CQC uses a capacitance to limit the total 
charge flow during an avalanche event. This work replicated the CQC and demonstrated that 
it was a viable alternative to the other circuits researched.  
 
1.2 Applications of SPADs 
 
The applications for single photon detectors include high-energy physics experiments [06], 
laser-based distance measurement [07], testing Very Large Scale Integration (VLSI) circuits 
[08], photon correlation spectroscopy [09], fluorescent and luminescent decays [10][11], 
quantum key distribution [12], and optical fibre characterisation [13]. Each of these 
applications are described briefly below. 
 
Laser-based distance measurement uses a pulsed diode laser in conjunction with photon 
detectors to calculate the distance between an object and the measurement system. This 
method was developed for use when some distances could not be measured by 
conventional means. Short, picoseconds duration laser light pulses strike a target with some 
light reflecting and scattering back towards the measurement system. The returning 
photons are detected and their time of arrival is compared to that of photons returning 
from a reference point whose distance is known. The delay between arrivals of each set of 
photons is used to accurately calculate the distance of the target [07]. This technique is 
commonly used for satellite ranging, with distances as far as 30,000 km being measured 
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using lasers with 532 nm wavelength. Research is being conducted to move the wavelength 
of operation from the current 350-1064 nm to ≈ 1500 nm, which is safer for human eyes 
[14].  
 
Complementary Metal Oxide Semiconductor (CMOS) is the technology most widely used on 
VLSI circuits. When device size reduces and the overall number of devices per circuit 
increases, traditional methods of testing at individual transistor levels become ineffective. 
As electrons travel through the Metal Oxide Semiconductor Field Effect Transistor (MOSFET) 
channel, they experience high electric fields, generating either electron-hole pairs by impact 
ionisation or near-infrared photons by recombination [15]. The emitted photons can be 
detected by a suitable SPAD. As the electrons only experience this high electric field whilst 
the transistor is switching, detection of the luminescence confirms the device is operating 
correctly. As the test is non-invasive, dynamic and static operation can be examined without 
increasing current or voltage levels [08]. 
 
Data security, which is vital in many aspects of our societies, necessitates encryption of 
sensitive information to prevent it from easily being read by a third party if intercepted. The 
encryption key needs to be supplied to the chosen user(s), usually over an unsecured 
channel, which can, however be intercepted. Quantum Key Distribution (QKD) coupled with 
Quantum Cryptography ensures security of the key. The key needs to have the same length 
as the message, be randomly generated, and only used once. To generate a key, light is 
transmitted along an optical fibre from point A, termed 'Alice', to point B, termed 'Bob', with 
both points using a polarising filter. Alice positions her filter randomly in one of two states 
on each clock cycle, for example 45° and 90°. This encodes the data with one state 'high' 
and the other 'low'. At the other end of the fibre, Bob uses a filter in conjunction with a 
SPAD to measure the direction of polarisation and receive the data from Alice. As Alice does 
not disclose the direction she chose, Bob must also select which way to position his filter for 
each cycle.  
 
On average, there is a 25% probability that Bob will obtain a so-called 'unambiguous' result, 
which is where the received bit is the same as the transmitted bit. This is because of the 
50% likelihood that he detects a photon, coupled with the 50% likelihood that he will choose 
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the correct orientation of the polariser. If a photon is not detected then an 'ambiguous' 
result is produced as the variable responsible is unknown. When the transmission has ended 
Alice and Bob compare the clock cycles during which photons were detected. This provides 
a subset of information, which is about a quarter of the length of the original broadcast, and 
is the key. This method is known as the B92 protocol and is quite vulnerable to an intercept-
resend attack by a third party, termed 'Eve'. A more secure technique is the BB84 protocol, 
which uses an additional pair of polarising filters incompatible with the prior two, to 
produce four possible polarisation states so that Eve cannot guarantee the polarity of any 
photon she receives. Both protocols utilise fibre optics to transmit the key and operate at 
wavelengths of between 850 nm to 1550 nm depending on the distance between Alice and 
Bob [12]. 
 
Optical-Time-Domain Reflectometry (OTDR) is a technique used to determine the 
characteristics of optical fibres. A 'Y-coupler' is connected to one end of a fibre, with a laser 
attached to one arm and a SPAD to the other. The laser provides pulses of light that travel 
down the fibre, before a portion of the light is reflected back and some becomes incident on 
the SPAD. Time delay between emission of light by the laser and detection of light by the 
SPAD is measured, along with the optical power of the returning light in order to quantify 
the attenuation experienced [13].   
 
1.3 Optical Communications 
 
Optical fibres have been developed since 1920, with the first generation of optical fibres 
used for telecommunications having core diameters of either 50 or 62.5 microns and 
operated at 850 nm [16]. Figure 1.1 shows the three 'windows' within which almost all of 
the optical communication industry operates. These are chosen due to their low level of 
attenuation and dispersion at specific wavelengths. 
 
The first band is at 800-900 nm, and was brought into use due to its relatively low losses of ≈ 
2 dB/km. For this band, standard Silicon photodiodes and APDs are used in the receiver 
modules. This band is still used over shorter distances, such as in Local Area Networks 
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(LANs) [17], due to their low cost. It was soon discovered that the peak that develops after 
the first window decreases just after 1000 nm to offer a lower attenuation of 0.5 dB at 1300 
nm. This second window was favoured by service providers for national systems as fewer 
repeaters were required. However, photodiodes made with materials other than Silicon had 
to be developed as Silicon does not respond to 1300 nm light [16]. 
 
 
Figure 1.1 - Attenuation In Optical Fibres For Varying Wavelengths 
 
Towards the latter part of the second window, the attenuation rapidly increases due to 
absorption by hydroxyl ions from water contamination during manufacturing, within the 
optical fibre material. After ≈ 1400 nm this absorption is no longer significant, resulting in a 
third window at 1500-1600 nm with a loss as low as 0.2 dB/km [17][18]. This wavelength has 
the added advantage that if the fibres are doped with Erbium, they naturally act like optical 
amplifiers. This is particularly attractive to communication providers serving a dense 
population, as this can help to restore the attenuated signal as it branches out across the 
network [16][18]. 
 
These three windows determine the main wavelengths of operations for optical 
communications.  The second and third windows in turn drive the development of long 
wavelength photodiodes, APDs and SPADs. These detectors utilise different materials, in 
various combinations and with increasingly complex structures and external circuitry, as 
higher performance and efficiency are pursued [19]. 
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1.4 Photo-detectors 
 
Photo-detectors can be categorised into two groups depending on how they interact with 
light, external photoemission and internal photoemission. External photoemission occurs 
when photons interact with either a metal or semiconductor in a vacuum, causing the 
release of electrons into the space. PMTs utilise this phenomena. In internal photoemission, 
photons excite electrons from the valence band to the conduction band in the material, 
resulting in a photocurrent. This type of photoemission can be sub-categorised into 
photovoltaic and photoconductive, with solar cells and photodiodes being examples 
respectively [20]. 
 
1.4.1 Photo Multiplier Tubes 
 
 
Figure 1.2 - Head-On Photo Multiplier Tube 
 
In a PMT, shown schematically in Figure 1.2, light enters through a window at either the end 
or side of the detector. This light then becomes incident on a photocathode, which releases 
excited electrons into the vacuum chamber. These electrons are then channelled by the 
focusing electrodes into the electron multiplier, which has a series of dynodes, each with 
negative bias, in order to multiply the number of electrons. The negative bias for a given 
dynode is a function of its distance from the photocathode, with the furthest having the 
smallest negative bias. As the electron travels through the multiplier, it is accelerated away 
from the photocathode, colliding with the less negative dynode. This energy causes new 
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electrons to be emitted from the first dynode and accelerated towards the sequential one, 
eventually producing a large number of electrons to be collected by the anode. The position 
of the first dynode has to be carefully calculated in order to minimise the chance of missed 
collisions with emitted electrons from the photocathode. 
 
With up to 19 dynodes, typical gains offered by PMTs are 10
8
, or 160 dB. The secondary 
emission process in the electron multiplier does not add noise, with the exception of shot 
noise, resulting in a high signal to noise ratio [21][22]. In general, PMTs can be designed to 
detect photons from visible to near ultraviolet wavelengths, with performance mainly 
affected by the materials used for the photocathode and the window. There are eight main 
compositions used to make the photocathode, usually compounds of alkali metals designed 
to have a very low work function, so that even photons with low energies can interact with 
the material to produce an electron. Typical photocathode response curves are shown in 
Figure 1.3. Bi-Alkali is usually a combination of Sb-Rb-Cs or Sb-K-Cs, with Multi-Alkali having 
the addition of Na [22]. 
 
 
Figure 1.3 - Response Curves of Different Photocathodes at Varying Wavelengths 
 
A Bi-Alkali photocathode can achieve a peak quantum efficiency of 25% at 400 nm, but is 
insensitive to wavelengths longer than 680 nm. Multi-Alkali offers a larger range than Bi-
Alkali and can detect up to 850 nm, near infra-red, at the cost of a lower peak quantum 
efficiency of 20% at 400 nm. Special processing can allow detection of wavelengths up to 
930 nm, however, quantum efficiency is reduced drastically above 700 nm [21][22]. 
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Quantum efficiency is the probability that an incoming photon will generate an electron-
hole pair within a photo-sensitive device. It can be expressed as  = 	 ×	
× , where Ip is the 
incident optical power, and Popt is the optical power [23][24]. 
 
In spite of their excellent signal to noise ratio, there are significant disadvantages associated 
with PMTs that make them unsuitable for some applications. Gradual deterioration of the 
dynodes means electrons can suffer from 'drift', which relates to a short-term variation in 
their trajectory through the electron multiplier, or 'life', which is a long-term variation. This 
can affect the secondary electron emission and cause fluctuations in the gain [22]. PMTs are 
also subject to problems caused by hysteresis following the application of an input. This is 
due to the deviation of electrons within the multiplier and can result in charge building on 
the ceramic attachments for the dynodes. In some cases this can last for several seconds 
which is not ideal for high speed applications [25]. 
 
The limited range of wavelengths that PMTs are able to detect is another significant 
disadvantage, since optical fibre communications require operations in the windows of 800-
900 nm, 1300 nm and 1500-1600 nm [16][17]. Figure 1.3 shows that the photocathode 
materials currently available have a limit of 850 nm or 930 nm, depending on whether 
standard or special processing is used. This makes them unsuitable in all except the first 
window, where they exhibit a quantum efficiency of 0.1-0.3%, which is very poor [22].  
 
1.4.2 Hybrid Photo-detectors (HPDs) 
 
One way to circumvent the shortcomings of the PMT is to replace the electron multiplier 
with an Avalanche Photodiode, to be discussed further in section 1.4.3, which also provides 
multiplication of the electrons. Such PMTs are termed HPDs. As there are no dynodes to 
experience a gradual loss of performance, and the electrons are accelerated only from the 
photocathode to the photodiode, the 'drift' and 'life' exhibited by standard PMTs are greatly 
reduced. Thus the HPD only displays minor fluctuations in gain during the operation lifetime, 
provided it is not subjected to magnetic fields or vibrations. Spatial uniformity is now no 
longer dependent on the position of the photocathode relative to the dynodes and the 
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procedure the emitted electrons undergo is simpler, providing a more uniform output and 
reduced hysteresis.  
 
As the range of photocathode materials is the same for HPDs as conventional PMTs, there is 
no improvement on the operational wavelengths, making both devices unsuitable for 
communications. In addition, there are still issues caused by the large sizes and high 
operating voltages, which proves problematic in areas with poor access and where 
supplying power is difficult, as with trans-Atlantic cables. For these reasons replacements of 
PMTs are sought, ideally with a high signal to noise ratio at the 1310 nm and 1550 nm 
wavelength windows [26][27]. 
 
1.4.3 Avalanche Photodiodes  
 
The Avalanche Photodiode is a photoconductive device that relies on internal 
photoemission. APDs are used in a variety of fields, with optical communications currently 
being the most noteworthy. The small size of the device in comparison to the PMT is 
favourable when designing receivers at the end of optical fibres, as it allows many devices to 
occupy a small area. To describe its operation, a reverse-biased p-i-n diode can be 
considered, such as the one shown in Figure 1.4. This forms a basic APD with the i-region 
being the multiplication region. When a reverse bias applied across it, the free electrons in 
the i-region drift towards the n
+ 
side of the device, and the holes drift toward the p
+
 
cladding. As they travel with the field in opposite directions, they gain energy from the 
electric field and their kinetic energies increase [28]. 
 
If the electric field is sufficiently high, some of the carriers will acquire sufficient energies to 
initiate impact ionisation. In an electron-initiated impact ionisation event, the initiating 
electron gives up some of its energy to promote a new electron from the valence band to 
the conduction band. As this leaves behind a hole in the valence band, there are three free 
final carriers, two electrons and one hole. Successive impact ionisation events can result in a 
measurable multiplication of the initial number of carriers. Increasing the reverse bias 
further will cause the multiplication factor to become a very large value and eventually 
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result in avalanche breakdown. The voltage at which avalanche breakdown occurs is termed 
the breakdown voltage, VB. In impact ionisation, a minimum energy Eg must be attained 
prior to impact ionisation occurring, due to energy losses through scattering, as well as the 
surpassing of 'dead time' and 'dead space', which is the minimum time and distance that the 
carriers must adhere to [29]. 
 
 
Figure 1.4 – Structure and Band Diagram of an Avalanche Photo-Diode 
 
Commercial APDs have more complex structures than the p-i-n diode shown in Figure 1.4, 
often taking the form of a Separate Absorption and Multiplication (SAM) APD, in order to 
provide greater sensitivity. The SAM APD was modified from the original InGaAs APDs, as 
the unmodified versions suffered from high dark currents due to tunnelling [27][30]. A basic 
diagram of the regions that make up the SAM APD and typical electric field profile during 
operation are shown in Figure 1.5. Using material with a narrow bandgap for the absorption 
region allows long wavelengths to be detected which is an important quality for optical 
communications, as discussed in 1.3 A low field in the absorption region means that impact 
ionisation is unlikely to occur, minimising dark counts. Increasing the thickness of this region 
improves absorption. A high field in the multiplication region with sufficient magnitude for 
impact ionisation to occur will give rise to a high gain from successive impact ionisation 
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events. By separating the absorption and multiplication regions in this manner, tunnelling is 
reduced as the width of the barrier through which the carriers must tunnel is greatly 
increased [27][29]. 
 
By applying a voltage greater than VB to an APD, the APD is operated in Geiger mode, which 
differs from the linear mode in which APDs operate. In Geiger mode it is possible for a single 
photon to generate an avalanche breakdown by the impact ionisation mechanism. Such an 
APD is therefore also termed a Single Photon Avalanche Detector (SPAD). It is mainly used in 
very weak signal applications discussed in section 1.2. As with standard APDs, SPADs have 
an internal gain due to this avalanche that will amplify the detected signal [31]. By operating 
the device in this manner, the internal gain can be increased in comparison to the p-i-n 
diodes and APDs, which have gains of almost zero and up to several hundred respectively 
[27]. SPADs have been demonstrated with gains of up to 1x10
6
, which produces a few 
milliamps of current as short as a few nanoseconds after photon detection. These 
characteristics, in conjunction with their small size and relatively low required voltage 
supply, allow for these devices to be used in place of PMTs [23][32]. 
 
 
Figure 1.5 - Separate Absorption and Multiplication Avalanche Photo-Diode 
 
Silicon tends to produce better performing devices in Geiger mode than compounds such as 
Indium Phosphate (InP) or Indium Gallium Arsenide (InGaAs), because of the higher quality 
crystal and greater maturity of the research. This has made Silicon SPADs the detectors of 
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choice in wavelengths to which the material is sensitive (600-1000 nm), and there have 
been reported quantum efficiencies up to 70% at ≈ 700 nm [31][33]. For longer wavelengths 
such as near infrared, Silicon is ineffective at detecting photons due to the band-gap of the 
material. Thus near infrared SPADs made with InP, InGaAs and Indium Aluminium Arsenide 
(InAlAs) are commonly used because they offer a higher quantum efficiency, 20-30% at 1550 
nm [35][36], than PMTs [34]. Although this is still much lower than that of Silicon devices at 
wavelengths shorter than 800 nm, research is keenly being conducted to improve this to 
meet the need of the 1550 nm window for optical communications, as discussed in section 
1.3 [37]. 
 
In ultraviolet (UV) and shorter wavelength applications, PMTs have historically been used 
almost exclusively as there was no alternative detector available. Without the inclusion of 
highly expensive filters to prevent visible light from becoming incident on the photocathode, 
PMTs demonstrated poor sensitivity and low quantum efficiency [38]. Silicon Carbide (4H-
SiC) has been investigated as a possible replacement as the material demonstrates the 
ability to detect UV light at power levels in the femto Watt range and offers a low dark 
current [39]. However, as these devices also require filters to operate within the UV scale 
[40]. Even with quantum efficiencies over 40% at 280 nm [41][38] they are not an ideal 
solution. Gallium Nitride (GaN) and Aluminium Gallium Nitride (AlGaN) have similar band 
gaps to SiC and APDs have been produced that operate in both Linear and Geiger Mode 
[42]. A common term with nitride detectors is ‘solar-blind’, which means that their 
absorption terminates at around 280 nm, before entering the visible-light portion of the 
spectrum and removes the need to use filters in addition to the devices. These materials, 
GaN and AlGaN, were expected to have a low dark current due to the direct band-gap of 3.4 
- 6.2 eV, but devices were reported to have unacceptably high dark currents, possibly due to 
wafer defects that formed during growth [43]. 
 
One of the disadvantages of using a SPAD is that a breakdown event can be caused by a 
'dark carrier', which is not generated by absorption of a photon but through thermal or 
tunnelling processes. Such breakdown events are described as ‘dark counts or events’, to 
distinguish them from the 'photon counts or events'. The Dark Count Rate (DCR) can be 
decreased by lowering the device temperature and/or reducing the active area, which both 
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reduce the dark current [44]. Reducing the electric field will also reduce the dark current 
and hence DCR, but this will be at the expense of detection efficiency [45]. 
 
After-pulsing is another issue for these devices. Carriers of a previous breakdown event can 
be trapped in the depletion region of the SPAD and then spontaneously released, initiating 
another avalanche event, even when no photon has arrived. This phenomenon is more 
common within compound semiconductor devices, though it is not exhibited there 
exclusively, and limits the operation frequency of near infrared SPADs to a few mega-Hertz 
[31][46]. The probability of after-pulsing can be reduced by increasing the SPAD 
temperature, which unfortunately increases the number of dark carriers and hence the DCR. 
Another method is to allow the trapped carriers in the SPAD to be released before applying 
the next over-bias pulse to it. This is called 'hold-off' time or 'dead' time, as it is unable to 
detect a photon in this period. This is achieved through the use of external circuitry that 
keeps the voltage across the device below that of breakdown so that an avalanche cannot 
be generated. However, the maximum counting rate remains limited [33][45]. Another 
alternative is to limit the number of charge carriers flowing during a breakdown event, 
which will ensure fewer carriers being trapped in the SPAD. This is always implemented, 
although to different extents, because a SPAD is nearly always operated with a quenching 
circuit which limits the avalanche current in a breakdown event. The various methods of 
quenching are discussed in section 1.5 [47]. 
 
Research has also been conducted into the statistical analysis of SPAD behaviour. Verilog 
and other computer simulation software were utilised to produce accurate behavioural 
models for SPADs during breakdown [48][49]. This work looked at the probability that an 
avalanche would be caused by a dark carrier, how many carriers would be produced, the 
likelihood that the carriers may be become trapped and then if they would be responsible 
for an after-pulse. The effect that temperature has on these interactions was another area 
examined by the research group [50]. 
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1.5 Quenching Circuits 
 
As explained in sections 1.1 and 1.4.3, quenching circuits are essential for the practical use 
of SPADs. They are designed to stop the rapidly increasing avalanche current, and this is 
often achieved by decreasing the over-bias. The different types of quenching circuits include 
passive, active, mixed passive and active, as well as gated modes, all of which are described 
in the following sections. The ideal circuit would lower the voltage applied to the device as 
soon as a photon has been detected, then wait for the avalanche current to diminish to 
insignificant level before restoring the over-bias to the device. The avalanche current is 
quenched as soon as it begins to flow, so the number of carriers travelling through the SPAD 
is low, which in turn limits after-pulsing. This would lead to a short hold-off time, maximising 
the SPAD’s maximum operation frequency. In the case of gated mode operation, the circuit 
would also not distort the applied over-bias pulses. Each of the circuits reviewed below will 
have their ‘Free-Running Mode’ operation examined. This is where the device has the 
excess-bias applied constantly unless it has detected either a photon or a phonon. This is 
not always practical, especially for SPADs with a high DCR, as it would be difficult to 
distinguish between the photon counts from the numerous dark counts.  
 
1.5.1 Passive Quenching 
 
 
Figure 1.6 - Schematic of a Passive Quenching Circuit 
 
The most basic of the quenching circuits is the Passive Quenching circuit (PQC), depicted in 
Figure 1.6. This consists of a large 'ballast' resistor, RB, of 1 kΩ to 100 kΩ typically, placed in 
series with the SPAD. The entire applied bias is dropped across the SPAD when no avalanche 
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current is flowing. When an avalanche occurs, significant current will flow through the SPAD 
and RB, producing a significant voltage drop across RB. This decreases the voltage across the 
SPAD, restricting the current from growing to damaging proportions. The SPAD presents a 
junction capacitance, CJ, and when connected to the circuit a parasitic or stray capacitance, 
CP, that forms between the SPAD and ground. During breakdown, the avalanche current 
discharges CP and CJ, forming an RC circuit. Hence, the voltage across the device will 
exponentially decrease with time with a time constant of  = 	 ( +	) 	× , where RD 
is the series resistance of the device, leaving a residual current through the diode. The final 
value of this current can be approximated using  	≈ 	 , where If is the final value of the 
current and VA is the voltage applied above breakdown. Its value is generally < 100 µA 
because a high If will lead to a self-sustaining avalanche, causing the device to be unable to 
detect further photons.  
 
A large value of RB will ensure a small If. As the current decreases, the number of carriers 
passing through the SPAD will also decrease. This increases the probability that after some 
amount of time there will be no carriers remaining in the junction to impact ionise, allowing 
the SPAD to ‘self-quench’. However, a large RB leads to a longer recharge time constant, or  
time required for the bias across the SPAD to reach VB + VA again, an undesirable quality as 
it increases the SPAD’s dead time [03]. On the other hand, if RB is too small, the bias across 
the SPAD will recover so quickly that there will not have been sufficient time to release the 
trapped carriers, leading to significant after-pulsing. It is important to note that passive 
quenching does not reduce the bias below VB, unlike other forms of quenching circuits to be 
discussed later.  
 
The main factors that influence total charge flow during a breakdown event include the 
magnitude of VA, quenching time and the parasitic capacitance. Since VA can be altered 
easily, it is not discussed here. The total quenching time can be given as the time taken for 
the circuit to quench the current and restore the over-bias from the initiation of a 
breakdown. To reduce quenching time when using a passive quenching circuit, RB can be 
increased to decrease If so that the quenching threshold, IS, is reached sooner. The resistor 
can also be integrated with the device to minimise parasitic capacitance, between the 
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device and resistor, to a few pF [04], which will in turn reduce the total charge flow. Even 
with these methods to improve circuit performance, with time constants ≈ 200 ns and total 
reset times ≈ 1 µs, the reset time is too long for most applications. As a result, use of PQCs is 
restricted for applications where there is limited space for the quenching circuit 
[51][52][53]. In pursuing a better alternative to PQCs, research has been conducted into 
active quenching and other methods of resetting the over-bias voltage by using additional, 
non-passive components, such as operational amplifiers and transistors [03]. 
 
1.5.2 Resetting the Over-Bias Voltage 
 
In the previous section on passive quenching, it was explained that the choice of RB is a 
trade-off between quick restoration of the voltage across the SPAD to VB + VA after an 
avalanche event and efficient quenching of the avalanche current. To de-couple this trade-
off, a Passive Quenching and Active Reset (PQAR) circuit that incorporates a transistor in 
parallel with RB was demonstrated [54]. In a PQAR circuit, after the avalanche current has 
been quenched, the bias across the device will gradually increase towards VB + VA, as in a 
standard PQC. Following the ‘hold-off time’ the transistor is activated for a few nanoseconds 
to rapidly restore the operating voltage, allowing this to be completed at a faster rate than 
in standard PQCs. By using this method it is possible to take advantage of a larger value 
resistor which will quench the device sooner, without the repercussion of a slow reset. The 
hold-off time is the amount of time certain quenching circuits ‘pause’, in order to allow 
carriers trapped within the diode to be released. This follows the quenching of the device 
before the over-bias is set across it again, and is often included in the quoted dead time.  
 
1.5.3 Active Quenching 
 
Active Quenching Circuits (AQC), such as the one depicted in Figure 1.7, operate by 
detecting the change of voltage across the SPAD via a ‘sensing resistor’, RS, during an 
avalanche event. When this happens, the supply voltage to the device is quickly changed 
from VB + VA to below VB, thus rapidly quenching the avalanche current. After the hold-off 
time, the bias across the device is increased back to VB + VA, ready to detect another 
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incoming photon via the method discussed above [55]. Compared to PQCs, AQCs offer 
shorter dead-times and a faster voltage reset above VB as the procedure does not have a 
recharge time constant. As the hold-off time is directly linked to after-pulsing, there is a 
compromise in its duration such that the mean release time of the traps is suitably 
exceeded. If this is not the case, then the probability of after-pulsing greatly increases. This 
does mean, however, that the dead-time of the device can be well-defined [56]. 
 
 
Figure 1.7 - Schematic of an Active Quenching Circuit 
 
The total quenching time of an AQC is not necessarily less than that of a PQC, due to the 
AQC first having to detect the avalanche event and then react. The total quenching time is 
affected by the proximity of the detector to the AQC, the peak value of the avalanche 
current and the sensitivity of the AQC. If too much time elapses from the breakdown event 
to the response and action of the AQC, then the total charge in the avalanche pulse, Q, will 
be high [04] as  =  × 	 ≡ 	  × , where I0 is the peak current and t is the total 
quenching time. Total charge flow can thus be greater in AQCs than in PQCs. To reduce the 
quenching time, research has been done into Integrated Active Quenching Circuits (IAQCs), 
where shorter electrical connections between the SPAD and circuit components ensured 
earlier detection of avalanche events and faster quenching [47][57]. 
 
Hold-off time for each SPAD is usually adjusted using information from measurements taken 
using either Time Correlated Carrier Counting (TCCC) or a Multi Channel Analyser (MCA). 
TCCC uses trap emission statistics to determine the initial minimum hold-off time, and then 
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requires the user to manually lengthen this value by repeatedly running the circuit, until 
after-pulsing reaches a minimum or negligible level. The MCA uses an Analogue to Digital 
Converter (ADC) in conjunction with autocorrelation to produce a histogram of the SPAD 
breakdown event. Autocorrelation is best described as the comparison of one signal at two 
different points in time, and is shown mathematically,  !!() = 	"#$(%)$(&)' =
	"#$(%)$(% + 	)', where τ = t2 – t1. By using this technique in combination with the 
multiple channels of the MCA, it is possible to show the correlation of discrete pulses for a 
given hold-off time. As with TCCC, the user must then vary the hold-off time so as to best 
reduce the after-pulsing, which is displayed with greater frequency in earlier channels. Both 
of these methods are very time consuming and make circuits quite inflexible once they have 
been calibrated for use with a particular device, unless the process described above is 
repeated each time the detector is replaced [56]. 
 
To overcome this issue, an Auto-tuning Module capable of allowing the user to select the 
optimal hold-off time for a SPAD in less than twenty seconds was reported [58]. For each 
run, the device is activated and quenched repeatedly using an AQC, with the outputs of the 
circuit fed into a Field Programmable Gate Array (FPGA) as well as an MCA to record the 
histogram. The FPGA increases the hold-off time from the previous value after each ‘run’. 
This continues until after-pulsing is no longer detected during the hold-off time, to yield the 
optimal hold-off time.  
 
1.5.4 Mixed Active-Passive Quenching  
 
Mixed Active-Passive Quenching Circuits (MAPQCs) combine passive and active quenching 
to overcome some of the limitations that the circuits have individually. A MAPQC tends to 
be an AQC with the large resistor in series with the SPAD, as shown in Figure 1.8. If an 
avalanche current is building up, there will be a voltage drop across RB, which restricts the 
growth of avalanche current, achieving ‘quasi-quenching’. Tens of nanoseconds later, the 
comparator will sense that an avalanche event has taken place, so will lower the voltage 
applied to the SPAD to below VB. The remainder of the process then takes place as in an 
AQC, with the diode restored to its quiescent state after a suitable hold-off time by the 
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‘active loop’ [47]. By including the quenching resistor in the AQC, the total charge in each 
avalanche pulse is greatly reduced since the avalanche current is restricted sooner than it 
would have been in standard AQCs [59]. 
 
One disadvantage of AQCs that MAPQCs do not rectify is the reset of the over-bias, which 
still takes place by the Active Reset mechanism to avoid the slow operation seen in PQCs. 
However, this leaves the device unprotected if another photon is absorbed during resetting 
as the circuit is unable to react to a second event until resetting has been completed. 
Integration of the circuit with a SPAD has the same advantages seen in PQCs and AQCs, such 
as the reduction in parasitic capacitance due to shorter connections between diode and 
circuitry which helps to shorten the reset time. With shorter reset time, total charge from 
events triggered during recharge is reduced, as is the probability that events will occur 
during this time. However, these benefits come at the expense of occupying an area as large 
as a few square millimetres, which makes the design unsuitable for use with arrays [04]. 
 
 
Figure 1.8 – Schematic of a Mixed Active-Passive Quenching Circuit 
 
Thus far, all of the AQCs discussed use active components to restore the over-bias across 
the device, but this is not the only method. Some circuits use active components for 
quenching and passive components for reset only. It is important to point out that the 
resistor, RB, is intended to be used for restoring the voltage across the SPAD and not for 
quenching, otherwise many of the disadvantages of PQCs would become present in this 
design. For this reason, the value chosen for RB can be smaller to reduce the time taken for 
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recharging the SPAD. Although not as rapid as active reset, with times quoted from 10-20 ns 
compared to a few nanoseconds, the passive part removes the overshoot and ringing 
present in active recharge [60]. Another approach has been examined using an active driver 
to raise the voltage close to, but not reaching, the desired level before deactivating; 
allowing the passive reset to take over and restore the remaining bias much more smoothly 
[03]. 
 
1.5.5 Gated Mode  
 
Gated Mode (GM) is often the favoured method of operation for SPADs that have high DCRs 
and/or severe after-pulsing problems, due to poorer crystal quality and/or narrower band 
gaps, such as InGaAs/InP SPADs. Operating the SPAD in gated mode is the most effective 
way to reduce these undesirable effects, especially with very short over-bias pulses. This is 
because when an avalanche event happens, the SPAD is only allowed to conduct for a very 
short period of time, as the end of the over-bias pulse will quench the avalanche current, 
limiting the charge generated by the avalanche. The over-bias pulses are synchronised to 
the expected arrivals of photons so that the device is more likely to break down due to 
photon detection than it is to dark carriers [61].  
 
In GM the SPAD is reverse-biased with a DC voltage smaller than VB, which is superimposed 
with AC over-bias pulses whose widths range from less than 100 ps to tens of nanoseconds. 
The AC over-bias pulse height should be sufficient to exceed VB. If very narrow over-bias 
pulses are used, then a quenching circuit is not needed for the SPAD [62]. In fact, if a passive 
quenching circuit is used in conjunction with GM and very narrow pulses, the resistor, RB, 
could distort the over-bias pulses to the extent that avalanche breakdown becomes unlikely. 
This is because DC coupling would form a low pass filter with CP and RB, significantly slowing 
down the pulse edges. AC coupling however, would form a high pass filter, meaning that the 
pulse would reach a maximum value and begin to reduce in magnitude [04]. 
 
High-speed gating also produces current spikes that flow through the SPAD on the leading 
and trailing edge of the gates, due to charging and discharging of the junction capacitance of 
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the SPAD. These capacitive transient pulses are large enough to prevent detection of the 
avalanche pulses. Unfortunately, increasing the over-bias pulse height will increase both the 
height of the capacitive transients and the avalanche pulses. A better way to deal with the 
capacitive transients is to attempt to minimise them using cancellation techniques [37], 
such as coaxial cable reflections and capacitive balancing.  
 
1.5.6 Coaxial Cable Reflections 
 
 
Figure 1.9 – Schematic of a Coaxial Cable Reflection  
 
Capacitive transients can be minimised by using the coaxial cable reflection cancellation 
technique depicted in Figure 1.9, where the SPAD has an open-circuit coaxial cable 
connected to its Cathode and a short-circuit coaxial cable to its Anode. When the over-bias 
pulses of pulse height VP are applied to the SPAD, the capacitive transient due to the leading 
edge of the over-bias pulse travels both through the device and along the open-circuit cable. 
The signal that travels into the device then travels both along the short-circuit cable and to 
the output of the circuit. The pulses travelling along the coaxial cables are reflected once 
they reach their relative terminations, with the short-circuit termination inverting the 
reflection and the open-circuit termination producing a non-inverted reflection. The time 
taken for the signals to travel back along the coaxial cables is carefully matched with the 
falling edge of the pulse, such that the second pulse combines with the signal from the 
open-circuit coaxial cable, passes through the SPAD and is then cancelled by the inverted 
signal from the short-circuit coaxial cable [63].  
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This method leaves one spike caused by the capacitance of the device which, providing the 
magnitude of it is known, can show the detection of a photon even if the interaction occurs 
as the pulse passes through the device. However, the coaxial cable length must to be 
carefully matched to the pulse width, and varying the width or duty cycle of the over-bias 
pulses will require a change in the coaxial cable length.  
 
1.5.7 Capacitive Balancing 
 
Another way of removing capacitive transients from the SPAD signal is to use a capacitive 
balancing scheme. This involves using two ‘identical’ SPADs so the capacitance will be 
almost the same value in both components. Although it is unlikely to obtain two identical 
SPADs because SPADs are extremely sensitive to minute variations in thickness and doping 
levels, those from the same batch are likely to give the electrically similar characteristics 
[64]. Over-bias pulses, superimposed onto a DC bias, are applied to both SPADs, with the 
outputs of each connected to a 180° hybrid ring coupler.  
 
 
Figure 1.10 - Schematic of a 180° Hybrid Ring Coupler 
 
Shown in Figure 1.10 this is a four port network, ringed in shape, which has all four ports on 
one side each separated by λ/4, with the remaining port-less side 3λ/4 in length. Depending 
on how connections are made, takes one input and produces from it two outputs, either 
both in phase or 180° out of phase with one another; or takes two inputs and provides from 
them two outputs, with one output the sum of the inputs, and the other output the 
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difference between the inputs [65]. The circuit is connected so that the two SPADs provide 
the inputs to the hybrid coupler, which has its output ports connected to two 
discriminators. The transients produced by the over-bias pulses are common to both inputs 
and they are removed before they reach the discriminators. This means the avalanche pulse 
will be easier to detect amongst the noise, without the unwanted spikes, so it is possible to 
reduce the threshold voltage in the discriminators with the application of the hybrid coupler 
[64].  
 
This method effectively cancels the capacitive transients from the SPAD signal, with superior 
performance compared to the coaxial cable reflection cancellation technique. However, the 
hybrid coupler is also inflexible to changes in pulse width, as the circumference of the ring is 
chosen based on the wavelength of the signal travelling through it. As before, if the pulse-
width or duty-cycle is changed then a hybrid coupler of different dimensions would be 
required. A more flexible approach is to use an Instrumentation Amplifier, also known as a 
Differential Amplifier, which behaves in a similar manner to the hybrid coupler, but does not 
require modifying when the gating duration is changed.  
 
1.5.8 Gated Mode and Quenching Circuits 
 
As the duration of each over-bias pulse is increased, it provides a longer period for the SPAD 
to detect a photon and it becomes necessary to quickly quench the avalanche current 
before the end of the over-bias pulse [66]. A Gated Active Quenching Circuit (GAQC) can be 
used as it behaves similarly to the AQC for free-running mode. A Gated Passive Quenching 
Circuit (GPQC) is an alternative method, but if gating is applied to the SPAD by superposition 
on the DC bias, the low pass filter formed between the quenching resistor and the SPAD's 
capacitance, CP and CJ, causes significant distortion of both rising and falling edges of the 
gate. This reduces the speed that the over-bias pulses reach their final values by as much as 
microseconds, and still affects quenching and reset times, as seen in section 1.5.1 [67]. 
 
Applying the over-bias pulses separately with a ‘bias-tee’ through a capacitor, Cg, forms a 
high pass filter with the rest of the circuit, so once the gate reaches its maximum value it 
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decays until the end of the pulse. This imposes a limit on the maximum duration of the pulse 
and removes the ‘flat top’ from the wave. The additional capacitor also causes capacitive 
division of the applied gate voltage as it is connected in parallel to CP and CJ. This is 
particularly noticeable if Cg is roughly equal to the device capacitance as, () = (* ×
+,
(+,++-). To overcome this, a Cg much larger than CP + CJ is desirable, but it is worth noting 
that the avalanche current is only quenched before the gate ends by recharging Cg, so a 
value should be chosen with care [03].  
 
For the rectangular pulses used in the GM examples so far, capacitive transients in the SPAD 
signal are unavoidable. Although some methods of removing them were discussed above, 
they still greatly increase the total charge for each avalanche event. As,  =  ../ , the larger 
the over-bias pulse and the faster it is applied, the larger this capacitive transient is. To 
avoid capacitive transients completely, Sinusoidal Gating, which does not involve a large 
change in voltage over a very small duration, has been reported. [68] This was shown to 
reduce the charge per avalanche event from ≈10
7
 to ≈10
5
, reducing the probability of after-
pulsing and allowing the repetition rate of the gates to be increased [69]. 
 
1.5.9 Capacitive Quenching 
 
Another way to overcome the capacitive response of rectangular pulses is to use a 
Capacitive Quenching Circuit (CQC) [05]. This design uses a capacitor to quench the 
avalanche current instead of the resistor seen in standard GPQCs. By doing this, the total 
charge for each interaction is fixed to the value of the capacitor, CB, offering a lower total 
charge flow than previous circuits and a reduced after-pulsing probability. The lack of a large 
resistance in series with CP removes the filtering effects shown in this section and 1.5.1, 
allowing undistorted over-bias pulses to be applied to the SPAD. Another advantage is that 
the circuit only utilises passive components, meaning there is no concern about a delay in 
sensing and reacting to an avalanche event as seen in GAQCs. 
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1.6 Aims, Objectives and Thesis Overview 
 
The aim of this Thesis is to demonstrate that the CQC is a viable alternative to the other 
quenching circuits currently used. Chapter 1 is the introduction to the work, comprising of 
an extensive literature review. Section 1.4 categorised and discussed the different types of 
single photon detection in detail, highlighting their strengths and weaknesses. From this, an 
informed choice was made on the area that warranted further investigation, which was the 
SPAD. As these devices are commonly operated in conjunction with a quenching circuit, 
section 1.5 compared and contrasted various designs to show which had the stronger 
performance. The remainder of this Thesis will be concerned with the design, 
implementation and testing of the CQC, due to the advantages it offers over the alternative 
circuits.  
 
Chapter 2 is the modelling section, where the CQC was simulated using Linear Technology’s 
Simulation Program with Integrated Circuit Emphasis (LT SPICE), a piece of computer 
software designed to model the behaviour of electronic components. This allowed the 
circuit design to be separated into three main sections, with each examined and tested 
within the program to confirm correct operation. When this was completed the entire 
design was simulated, with key components’ values being altered to ensure the most 
suitable choice had been made.  
 
Chapter 3 examines the steps that were taken to design, fabricate and test a Printed Circuit 
Board (PCB) once satisfied with the simulation results. With high speed operation, the 
layout and overall size of the PCB is hugely important. A pair of computer programs named 
Intelligent Schematic Input System (ISIS) and Advanced Routing and Editing Software (ARES) 
were used to create the circuit schematic and then place the components onto a virtual 
PCB, which was optimised before being submitted for fabrication. Chapter 3 also describes 
the tests conducted on the circuit and compares the data with the simulation results from 
Chapter 2 and the data reported in [05]. 
Chapter 4 draws conclusions on the work carried out and offers recommendations for 
further work on this topic.  
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Chapter Two - Modelling 
 
 
This chapter will examine the three key sections of the CQC, describing first the predicted 
operation based on theory, before discussing the results from modelling them, and the 
entire circuit, in LT SPICE. The theoretical and modelled values will be used in Chapter 3 of 
this Thesis to compare with the behaviour of the physical circuit.  
 
2.1 Details of the Circuit 
 
Figure 2.1 is a circuit diagram of the CQC. This is operated in GM, a type of operation 
discussed at length in sections 1.5.1, 1.5.5 and 1.5.8. A negative bias, VDC, is applied to the 
Device Under Test (DUT), at a magnitude lower than VB. This is applied across both R1 and 
D1, which limit the current in the case that VDC is too large or of incorrect polarity, 
respectively. The output of the CQC was observed exclusively from the point labelled "Out" 
until the addition of the Active Probe in section 2.3.  
 
 
Figure 2.1 – Schematic of the Capacitive Quenching Circuit 
 
Illustrated in Figures 2.2(a) and (b) are sketches of the voltage-time waveforms that depict 
the expected output of the CQC without and with an avalanche event, respectively. On 
initial application of the negative bias, without the presence of a pulse, CB charges and the 
voltage across it becomes equal to VDC, as seen in Region 1. It should be noted that this only 
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occurs when the circuit is first connected to the DC voltage, and does not take place on each 
duty cycle. In Region 2, a pulse is applied through CB across the device to some level VA 
above VB, with both of these stages common to Figures 2.2(a) and (b). Should no avalanche 
event take place, the voltage level will remain at VA+VB across the DUT until the end of the 
pulse, when it will return to VDC, as depicted in Regions 3 and 4 of Figure 2.2(a). 
 
      (a)                                                                     (b) 
Figure 2.2 -  A Sketch of the Output Voltage-Time Waveform of the CQC (a) Not Experiencing 
an Avalanche Event and (b) Experiencing an Avalanche Event  
 
If an avalanche event occurs while the pulse is applied, as in Region 3 of Figure 2.2(b), there 
is an exponential decay across the DUT as CB, CP and CJ discharge and current flows through 
the DUT into CB. The time taken for the voltage drop to reach VB, or the quenching time, is 
mainly dependent on these capacitances. It is worth noting that the delay between the 
application of the pulse and the avalanche event shown in Region 3 of Figure 2.2(b) was 
included for explanatory purposes. In reality avalanche breakdown is a spontaneous event 
that may occur at any time during the application of the pulse. At the end of the pulse the 
voltage settles at VDC, and the capacitance discharged in quenching the avalanche event is 
restored by the DC bias. This is shown in Region 4 of Figure 2.2(b), where the recharging 
time constant is  ≈ 0%(1 +  + ).  
 
To aid in taking measurements from the DUT additional components are often used in 
conjunction with it and the CQC. Figure 2.3 depicts one possible configuration which is 
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composed of three main component parts - the CQC, the Active Probe and the Differential 
Amplifier. The modelling process was simplified by first examining only the CQC, adding the 
Active Probe and Differential Amplifier later in sections 2.3 and 2.4 respectively. By taking 
this approach, correct operation and the effect of varying component values could be 
investigated without the outcome being masked or altered by supplementary circuitry. 
 
 
Figure 2.3 - Measurement Circuit Configuration Schematic 
 
2.2 Modelling the CQC 
 
To confirm the predicted operation, the circuit was modelled using LT SPICE, a circuit 
simulation software. The software did not have a component model for a SPAD, so a Zener 
diode [70] was used as the DUT instead. As pulses were applied across the Zener diode, the 
output characteristic exhibited similarities to the waveforms that are seen during the charge 
and discharge of a capacitor. This suggested that there was a large capacitance present in 
the circuit that was misshaping the pulses. A brief investigation revealed that the source of 
this capacitance was the Zener diode as the its default value of CJ was 150 pF, when the CJ of 
a typical SPAD [71] was only 2 pF. It was possible to open the model file [72] and manually 
change this value to 2 pF, thereby solving the problem and producing the desired shape of 
the pulses. Figure 2.4(a) shows the voltage output across the CQC and modified DUT, from 0 
V to -8 V, when -8 V pulses were applied. -8 V was chosen for the magnitude of the pulses as 
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a large number of values could have been selected and -8 V allowed direct comparison with 
Dimler et al. R1 and R2 were taken to be 1 kΩ and 50 Ω respectively, with CB being 27 pF. This 
demonstrates a good qualitative fit between modelled data in Figure 2.4(a) and expected 
data in Figure 2.2(a). The reduction in absolute pulse height is due to stray capacitance in 
the circuit. As LT SPICE is not equipped with a default SPAD model and additional modelling 
methods to represent an avalanche event were found to be too complex and time 
consuming, a Zener diode was used in place of a SPAD.  
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     (a)                                                                      (b) 
Figure 2.4 - LT SPICE Output Waveform of the CQC (a) When -8 V Pulses Were Applied 
Without a DC Bias and (b) When -10 V Pulses Were Applied In Addition to a -5 V DC Bias 
 
Figure 2.4(b) shows the effect on the output voltage when -10 V over-bias pulses were 
applied in addition to a -5 V DC bias across the CQC and DUT over a range of 0 V to -14 V. 
The Zener diode has VB = -10 V, when the applied voltage exceeds this threshold value the 
DUT experiences Zener breakdown [73][74]. This drives the DUT into conduction and the 
voltage falls to VB. -10 V pulses with a -5 V bias were selected to ensure that the Zener diode 
exceeded its breakdown voltage, although other variations of values could have been used. 
Circuit behaviour from the avalanche event to recovery can be seen in Figure 2.2(b), the 
expected voltage-time waveform during an avalanche event. In conclusion, Figure 2.4(b) 
demonstrates the effect that DUT conduction has on the circuit and demonstrates that it is 
able to react accordingly during an avalanche event. 
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Following this, the optimal value for CB was investigated. If too small a value is chosen, the 
avalanche event will be quenched before the avalanche current becomes large enough to be 
easily detected. Although this allows the achievement of a short response time and a high 
operation frequency, the avalanche pulse can be hidden amongst transient voltage spikes 
generated by the application of over-bias pulses. These are mentioned in 1.4.6 and 1.4.9 
and will be discussed further in section 2.4, and can both mask avalanche events and cause 
false counts to take place. On the other hand, if the chosen value for the capacitor is too 
large, the response time and operation frequency will be reduced and the avalanche current 
possibly allowed to grow too large before quenching, damaging or destroying the device.  
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Figure 2.5 - LT SPICE Output Waveforms of the CQC When Ranging CB From 1 pF to 
1000 pF With Over-Bias Pulses of -10 V Applied In Addition to a -5 V DC Bias 
 
To gain an overview of the effect that altering the magnitude of CB had on the circuit output 
its value was increased from 1 pF to 1000 pF logarithmically, as shown in Figure 2.5, with 
over-bias pulses of -10 V applied across the CQC and DUT in addition to a -5 V DC bias. These 
magnitudes were chosen in preference to the -8 V pulses used earlier as they accentuated 
the effect that CB had on the output. The values of R1, R2 and other components remained 
unchanged unless stated otherwise. As predicted, as the value of CB was increased, response 
to a break down event was reduced and recharge time was increased, becoming particularly 
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noticeable above 50 pF. When the value of CB was set below 20 pF, in addition to the 
quenching time being too short, the recharge of the circuit may take place too quickly, 
increasing the probability of after-pulsing, discussed in 1.3.6. Figure 2.6(a) shows the values 
of CB only between the values of 1 pF and 20 pF for added clarity. 
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Figure 2.6 - LT SPICE Output Waveforms of the CQC (a) When Ranging CB From 1 pF to 20 pF 
and (b) When Ranging CB From 20 pF to 39 pF All With Over-Bias Pulses of -10 V Applied In 
Addition to a -5 V DC Bias 
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Using a selection of standard capacitor values [75], the magnitude of CB was increased from 
20 pF to 39 pF, as depicted in Figure 2.6(b). As the output of the CQC remained fairly 
consistent with each magnitude any of these values of CB would be suitable. 27 pF was 
selected due to its availability. 
 
2.3 Modelling the Active Probe 
 
Once the CQC was behaving as expected and the optimum value for CB had been chosen, 
the Active Probe was added to the model. This part of the circuit is included for monitoring 
the over-bias pulses within an external piece of equipment, such as an oscilloscope, without 
additionally loading the CQC. It is composed of an Operational Amplifier (OPA2356) [76], X1, 
a resistor, R11, and two capacitors, C4 and C5. The Op-Amp chosen was a high speed device, 
able to tolerate the fast pulses applied across the DUT. C4 and C5 were used to form a 
capacitive potential divider which acted to ensure that the magnitude of the pulses did not 
exceed the maximum input value for the Op-Amp. As (2 =	( ×	 +3+3	+4, values were initially 
chosen of 1 pF and 47 pF respectively to give a ratio ≈ 1:50, affording some protection to the 
Op-Amp should larger than expected pulses mistakenly be applied. The voltage source to X1 
is grounded through R11, which combined with C4 and C5 forms a high-pass filter. A value of 
100MΩ was chosen for R11 such that the cut-off was ≈80 kHz, preventing the transmission of 
fluctuations to the DC supply.   
 
It is worth noting that the capacitive divider equation only holds true when the Active Probe 
is considered independently. Once used in conjunction with the CQC, CB is then in series 
with C4 which causes the equation to become (2 = ( ×	
(5	×	5356	53)
75	×	5356	538	+9
. For the chosen value 
of C4, 1 pF, the effect this has is limited as 
(&:	×%)
(&:%) is ≈ 1. By completing the calculation the 
multiplication factor is found to be 
%
;<.:;, giving an expected peak output value of -0.1608 V 
when the applied over-bias pulses are -8 V. The Multiplication Factor is the resultant 
fraction by which the input voltage, VI, is multiplied to produce the seen output voltage, VO. 
Chapter Two - Modelling 
33 
 
Time (ns)
0 5 10 15 20 25 30 35
V
ol
ta
ge
 
(V
)
-0.20
-0.18
-0.16
-0.14
-0.12
-0.10
-0.08
-0.06
-0.04
-0.02
0.00
0.02
Time (ns)
0 50 100 150 200 250 300 350
Vo
lta
ge
 
(V
)
-0.20
-0.18
-0.16
-0.14
-0.12
-0.10
-0.08
-0.06
-0.04
-0.02
0.00
0.02
                (a)                                                                            (b) 
Time (ns)
0 5000 10000 15000 20000 25000 30000 35000
V
o
lta
ge
 
(V
)
-0.20
-0.18
-0.16
-0.14
-0.12
-0.10
-0.08
-0.06
-0.04
-0.02
0.00
0.02
Time (ns)
0 500 1000 1500 2000 2500 3000 3500
V
o
lta
ge
 
(V
)
-0.20
-0.18
-0.16
-0.14
-0.12
-0.10
-0.08
-0.06
-0.04
-0.02
0.00
0.02
                  (c)                                                                             (d)   
Figure 2.7 - LT SPICE Output Waveforms of the Active Probe During the Application of -8 V 
Pulses with (a) 5 ns, (b) 50 ns, (c) 500 ns and (d) 5000 ns Pulse Width 
 
-8 V pulses with widths of 5 ns, 50 ns, 500 ns and 5000 ns were applied across the CQC so 
that the effect of the varying duration could be observed as well as the overall behaviour of 
the Active Probe, as displayed in Figures 2.7 (a), (b), (c) and (d). These measurements were 
taken from the point "Active Probe Out", shown in Figure 2.3, until section 2.4 when the 
Differential Amplifier was examined. The pulse height measured on the output had reduced 
to ≈ -0.16 V, showing the capacitive division was behaving as expected. The maximum value 
of these pulses was -0.1546 V in the raw data, giving a multiplication factor of 
%
9%.:9. This is a 
comparable value to the expected multiplication factor calculated earlier and confirmed 
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that the correct operation was being observed. Figures 2.7 (b), (c) and (d) display square 
pulses with flat tops, the desired output, whereas Figure 2.7 (a) shows a less ideal square 
wave, with the capacitances in the circuit rounding the leading and trailing edges of the 
pulses. This is most likely a result of the fast, short pulses applied across the circuit, 
demonstrating that the maximum operating frequency is being approached. Both of the 
expected and modelled values will be compared with values taken from the real Active 
Probe in sections 3.2 and 3.4.  
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Figure 2.8 - The LT SPICE Active Probe Output for C5 = 1, 10, 100 and 1000 pF During Applied 
Voltage Pulses of -10 V 
 
C4 C5 
Expected 
Output (V) 
Multiplication 
Factor 
1pF 1pF -4.91 1/2.04 
1pF 10pF -0.88 1/11.37 
1pF 100pF -0.10 1/104.70 
1pF 1000pF -0.01 1/1038.04 
 
Table 2.1 - Expected Output Voltages (VO) And Associated Multiplication Factors for C5 = 1, 
10, 100 and 1000 pF During Applied Voltage Pulses of -10 V  
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To view the effect different magnitudes of C4 and C5 imposed on the Active Probe Output, 
their values were stepped through a range of capacitances, 1, 10, 100 and 1000 pF whilst 
pulses of -10 V were applied. Figure 2.8 shows the LT SPICE outputs when C5 was increased 
and C4 fixed at 1 pF. By increasing C5 the denominator becomes larger, dominating the 
resultant of the fraction, and the output voltage, VO, decreases proportionately. Table 2.1 
displays the values of VO and the associated multiplication factors that were calculated using 
the above equation to verify the LT SPICE output and to compare with previous values for 
the Active Probe. 
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Figure 2.9 - The LT SPICE Active Probe Output for C4 = 1, 10, 100 and 1000 pF During Applied 
Voltage Pulses of -10 V 
 
C4 C5 
Expected 
Output (V) 
Multiplication 
Factor 
1pF 1pF -4.91 1/2.04 
10pF 1pF -8.79 1/1.14 
100pF 1pF -9.55 1/1.05 
1000pF 1pF -9.63 1/1.04 
 
Table 2.2 - Expected Output Voltages (VO) And Associated Multiplication Factors for C4 = 1, 
10, 100 and 1000 pF During Applied Voltage Pulses of -10 V 
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C4 then had its value incremented through the same magnitudes as C5 had previously, this 
time with C5 kept at a constant value of 1 pF. After the initial step, C4 became much larger 
than C5 meaning that the numerator and denominator became a closer and closer 
approximation to 1, with C5 having minimal effect on either the value of the denominator or 
VO. The LT SPICE output waveforms are shown in Figure 2.9 with the calculated values for 
both VO and the multiplication factors shown in Table 2.2.  
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Figure 2.10 - The LT SPICE Active Probe Output for C4 and C5 = 1, 10, 100 and 1000 pF During 
Applied Voltage Pulses of -10 V 
 
C4 C5 
Expected 
Output (V) 
Multiplication 
Factor 
1pF 1pF -4.91 1/2.04 
10pF 10pF -4.22 1/2.37 
100pF 100pF -1.75 1/5.70 
1000pF 1000pF -0.26 1/39.04 
 
Table 2.3 - Expected Output Voltages (VO) And Associated Multiplication Factors for C4 and 
C5 = 1, 10, 100 and 1000 pF During Applied Voltage Pulses of -10 V 
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Finally, C4 and C5 were increased simultaneously, which resulted in the denominator being 
increased faster than the numerator, as C5 was incremented at the same rate that C4 was. 
This produced a smaller VO each time the magnitudes of C4 and C5 were incremented but 
with a gradual decrease, unlike that seen in Figure 2.8(a). Figure 2.10 and Table 2.3 show 
the LT SPICE outputs and calculated values respectively. Having viewed the effect that 
different magnitudes had on the output of the Active Probe, it was decided that the initial 
values for C4 and C5, 1 pF and 47 pF respectively, would be used in the circuit once it was 
constructed. This was due in part to an attempt to keep the capacitance of the circuit at a 
minimum, and also due to the maximum input of the Op-Amp chosen being -2.5 V, so a ratio 
of 1:50 would allow a maximum voltage of -125 V to be applied to the SPAD. 
 
2.4 Modelling the Differential Amplifier 
 
 
       (a)                                                                   (b) 
 Figure 2.11 -  A Sketch of the Outputs of the CQC with Transient Voltage Spikes, S1 and S3, 
and Avalanche Pulse, S2, (a) Without and (b) With the Differential Amplifier 
 
Section 1.4.6 describes that operating in GM often produces transient voltage spikes as the 
applied pulses charge and discharge the internal capacitance of the APD. These spikes cause 
false counts within the discriminator by being mistaken for avalanche pulses and can also 
mask avalanche events [61]. The Instrumentation Amplifier, also known as the Differential 
S3 
S3 
S2 S2 
S1 
S1 
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Amplifier, is introduced in section 1.4.8 and was the chosen solution to be used with the 
CQC.  
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Figure 2.12 - LT SPICE Waveforms Displaying the Transients Present on (a) the DUT, (b) C6 
and (c) the Output of the Differential Amplifier With -8 V Pulses Applied  
 
Shown schematically in Figure 2.3, the Differential Amplifier is made from three Op-Amps 
(LMH6609) [77], X2, X3 and X4, and a network of resistors, R6-R10, which compare the DUT 
output with that from C6, a capacitive element chosen to mimic the behaviour of this device 
[37]. C6 can be either a second 'identical' APD, to keep the electrical characteristics of the 
two devices as similar as possible [64], or a trimming capacitor whose capacitance can be 
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adjusted to match that of the DUT. In the case where another APD is used, the breakdown 
of C6 is prevented by allowing only the over-bias pulses to be applied across it, meaning the 
potential difference never becomes high enough for an avalanche event to occur.  
 
When pulses are applied to the circuit in this configuration, transient voltage spikes are 
produced in both the DUT and C6, which are connected to the non-inverting inputs of X3 and 
X2 respectively. These Op-Amps are present to buffer the signals before they reach X4, which 
subtracts one signal from the other. As the avalanche pulse, S2, will only be present on the 
output from the DUT, the effect of this circuit is to reduce or remove the voltage spikes, S1 
and S3, from the output as shown in Figures 2.11(a) and (b) whilst keeping S2 its original 
magnitude.  
 
Figures 2.12(a), (b) and (c) show modelled results of the Differential Amplifier in LT SPICE 
during the application of -8 V pulses across the CQC. Figures 2.12(a) and (b) show the 
voltage across the DUT and C6, with spikes  ≈ 1.5 and 2.0 V, respectively. Once passed 
through the Differential Amplifier the magnitudes reduced to ≈ 100 mV, as shown in Figure 
2.12(c), demonstrating correct transient cancellation by the Differential Amplifier.  
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Chapter Three - Construction of the CQC
 
 
This chapter will discuss the steps taken to design the PCB layout and construct the circuit 
used in the laboratory, before presenting test results obtained from it. They will then be 
compared to the modelling results from Chapter 2 and the data in [05]..  
 
3.1 Schematic Capture and Board Layout 
 
 
Figure 3.1 - ISIS Circuit Schematic 
 
The PCB was designed using Proteus, a piece of computer software comprising of two core 
programs, ISIS and ARES, which are able to communicate with one another and streamline 
the process. Firstly, the schematic was input into ISIS, which told Proteus how the various 
components were connected together, as depicted in the schematic in Figure 3.1. Although 
the facility to perform interactive simulations and tests was available in addition to the 
schematic capture; as LT SPICE had already provided detailed information on the circuit's 
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behaviour and ISIS would not provide anything extra, it was not considered advantageous to 
repeat the circuit modelling with ISIS.  
 
In Dimler et al., [05], the theory behind the CQC is introduced and discussed, however the 
circuit layout is not examined in detail. The PCB produced for this work was designed and 
optimised independently. Green et al. [78] disclose a number of high frequency techniques 
that help to improve the operating performance of high frequency circuits, such as the use 
of multiple capacitors of varying magnitudes to de-couple nodes to ground [78]. For this 
reason there are additional components shown in Figure 3.1 that are not shown in Figure 
2.3. These techniques were applied further when the layout was designed in ARES, with 
Figures 3.2(a) and (b) depicting the PCB that was fabricated and constructed.   
 
 
   (a)                                                                              (b) 
Figure 3.2 - Photographs of the Produced PCB Depicting the (a) Top and (b) Bottom View 
 
Additionally, three design features unique to this circuit were implemented. The first of the 
unique considerations laid out the track for the over-bias pulses so that the fork was 
electrically symmetrical as shown in Figure 3.2(a). This meant that the DUT and C6 would 
receive as close to identical inputs as possible, without a delay to either device. Next, the 
op-amps, X2 and X3, were placed as close as possible to the DUT and C6 so that the signal 
generated in the DUT would travel the least distance before being input into the amplifier. 
Finally, the Differential Amplifier was laid out as symmetrically as possible to keep the inputs 
to X4 in phase, maximising the cancellation effect. Silicon diodes (1N148) [79] were chosen 
for use as the DUT and C6 throughout this chapter in place of APDs or SPADs. This allowed 
circuit operation to be examined as well as a comparison with previously modelled data and 
work by Dimler et al. [05] without the possibility of avalanche events.  
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3.2 Active Probe Calibration and Testing 
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Figure 3.3 - Measured Output of the Active Probe During the Application of -8 V Pulses with 
(a) 10 ns, (b) 50 ns, (c) 500 ns and (d) 5000 ns Pulse Width 
 
Figures 3.3(a), (b), (c) and (d) show the "Active P Out" output for -8 V applied at the point 
"Pulse" shown in Figure 3.1 with pulse widths of 10 ns, 50 ns, 500 ns and 5000 ns, 
respectively, giving output waveforms ≈ 160 mV. Figure 3.1 will be used when referring to 
points on the circuit until the end of the document, unless stated otherwise. This confirms 
effective capacitance division within the circuit. Section 1.4.10 states that one of the 
advantages of the CQC is that it does not distort the shape of the over-bias pulses as they 
are applied across it as in PQCs and AQCs. The waveforms in 3.3 (b), (c) and (d) show that 
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holds  true and is consistent with the expected outputs shown in section 2.3, substantiating 
that the Active Probe can be used to monitor the over-bias pulses applied across the device. 
These results are also consistent with Dimler et al. [05] which showed over-bias pulses of -8 
V over-bias pulses with widths of 50 ns, 500 ns and 5000 ns.  
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Figure 3.4 -LT SPICE Output Waveform of the Active Probe During the Application of -8 V 
Pulses with 10 ns Pulse Width and (a) 2 ps Rise Time (b) 5 ns Rise Time 
 
Figure 2.7(a) shows the LT SPICE output with 5 ns pulses applied. Limitations of the signal 
generator meant the shortest pulses that could be produced were 10 ns, so modelling was 
repeated for 10 ns pulse widths, results are shown in Figure 3.4(a). Discrepancies between 
3.3(a) and 3.4(a) can be explained by the difference between the rise/fall time of the 
applied pulses. Modelling had been conducted with a 2 ps rise/fall time, whereas the 
shortest signal generator rise/fall time was 5 ns. For pulses equal to 10 ns, the rise/fall time 
becomes equal to the pulse width, yet for longer pulses the rise/fall time becomes 
increasingly insignificant. This causes the triangular shape that can be seen in 3.3(a). By 
setting the rise and fall times in LT SPICE to 5 ns each, it is possible to demonstrate this in 
the modelling work, shown in 3.4(b). 
 
To determine the Active Probe multiplication factor, pulses were applied to the point 
"Pulse" and observed at "Active P Out". The magnitude of the applied pulses was increased 
from -0.5 to -10.0 V. Figure 3.5 shows the magnitude of the applied input pulses and the 
magnitude of the observed output pulses. The gradient gives the multiplication factor of 
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%
9;.;, which is within 10% of the theoretical value and within 5% of the value modelled in 
section 2.3. The difference between the expected values and the experimental value is most 
likely a result of stray capacitance present in the circuit. 
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Figure 3.5 - Measured Output of the Active Probe Against Input Pulses From  -0.5 to -10.0 V 
 
3.3 Transient Cancellation 
 
Figures 3.6(a) and (b) show the output of the Differential Amplifier observed at the point 
"Diff Amp Out" without and with the transient cancellation circuitry, respectively. For Figure 
3.6(a), the input signal to X2 was connected to the ground terminal of the voltage source, 
removing one of the inputs to X4 and disconnecting the transient cancellation portion of the 
circuit. The transients shown appear at the leading and trailing edges of the over-bias pulse, 
returning to pre-transient values during the flat portion of the pulse and at its termination. 
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For Figure 3.6(a) the voltage spikes are ≈ 50 mV and the value of ground is 0 mV. Similar 
transients can be seen in Dimler et al., [05] where they claim they were able to reduce the 
transients present on their output from 150.4 mV to <10 mV.  
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         Figure 3.6 - Measured Output of the Differential Amplifier (a) Without and (b) With the 
Transient Cancellation Circuitry  
 
Figure 3.6(b) displays the output when the connection to the ground terminal of the voltage 
source was removed from X2, reconnecting the transient cancellation circuitry and  reducing 
the voltage spikes from ≈ 50 mV to ≈ 15 mV. This is consistent with the modelled data 
displayed and discussed in section 2.4. Reducing the magnitude of the transients results in a 
lower probability that the discriminator will generate a false count, allowing the thresholds 
of the discriminator to be set lower, hence reducing the magnitude of the minimum 
detectable avalanche event and total charge flow. The difference in the value of ground, 
which is 0 mV in Figure 3.6(a) and ≈ 12 mV in Figure 3.6(b), is due to the removal of the 
additional ground connection to the circuit board. When the PCB was designed, it was 
considered that two connections from the ground plane to the ground terminal on a voltage 
source would be sufficient, but as can be seen a third connection may be required to 
prevent this deviation from 0 mV. However, as the ≈ 12 mV translation is present across the 
entire waveform and does not affect the absolute magnitude of the voltage spikes, its 
impact on the circuit is negligible.  
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3.4 Review of Data 
 
In section 2.3, the Active Probe portion of the circuit was modelled in LT SPICE, allowing the 
behaviour to be examined, optimised and compared to the work by Dimler et al., [05] prior 
to constructing a PCB. -8 V pulses with widths of 5, 50, 500 and 5000 ns were applied across 
the DUT and the output waveforms shown graphically in Figures 2.7(a), (b), (c) and (d). The 
pulses with widths of 50, 500 and 5000 ns gave an output of undistorted square waves, 
consistent with [05]. The 5 ns pulses had no basis for comparison, yet the output waveforms 
displayed rounding on the leading and trailing edges of the wave due to the capacitive 
response of the circuit, demonstrating that the maximum operating frequency of the circuit 
was being approached. The result of this effect would be that for a portion of the gate the 
device would not be biased at the desired level, causing the drawbacks discussed in 1.5.8. 
 
Section 3.2 repeated the 50, 500 and 5000 ns measurements taken in section 2.3 with the 
Active Probe on the physical PCB. These are displayed in Figures 3.3(b), (c) and (d) and are a 
close fit to the modelled results and previous work [05], although some noise is present on 
the top and bottom of the pulse. The lack of 5 ns measurements was due to the inability of 
the signal generator to provide shorter pulses than 10 ns, so modelling and experimental 
work was carried out for pulses with widths of 10 ns with the outcomes shown in Figures 
3.4(a) and 3.3(a), respectively. Figure 3.3(a) does not resemble any of the modelling 
waveforms and appears almost triangular in shape. Investigation determined this was 
because the minimum rise/fall time of the signal generator was equal to 5 ns, or the 
duration of 10 ns pulses. By increasing the rise/fall time in LT SPICE to match that of the 
signal generator a comparable output was modelled as Figure 3.4(b) depicts, confirming the 
behaviour of the physical PCB.  
 
The findings in sections 2.3 and 3.2 demonstrated the Active Probe was a suitable choice for 
monitoring the pulses applied across the DUT. Although undesirable effects were displayed 
at pulses of widths <50 mV, this was not a shortcoming of the Active Probe circuitry but a 
result of the CQC nearing its maximum operation frequency, as the shape of the pulses were 
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affected by capacitive response and the rise/fall time of the signal generator. The pulses of 
widths >50 mV demonstrated a good qualitative fit to data shown in Dimler et al., [05]. 
 
Sections 2.3 and 3.2 also examined the capacitive division portion of the Active Probe, with 
hand calculations and extensive modelling conducted in section 2.3 before calibration took 
place in section 3.2. The desired capacitive division was ≈ 1:50, with hand calculations giving 
a multiplication factor of 
%
;<.:; and modelling data providing one of 
%
9%.:9. The difference 
between these values is due to LT SPICE taking into account the capacitance on the input of 
the Op-Amp and other such details considered negligible for the purpose of hand 
calculations. Section 3.2 investigated the capacitive division further, stepping the pulse 
height from -0.5 to -10.0 V and observing the output of the Active Probe, with the results 
shown in Figure 3.5. Calculating the gradient produced a multiplication factor of 
%
9;.;, with 
the discrepancy between this and the modelling value a result of stray capacitance.  
 
LT SPICE was used to model the Differential Amplifier portion of the circuit as described in 
section 2.4. Figures 2.12(a) and (b) display the voltage spikes across the DUT and C6 with 
magnitudes of ≈ 1.5 and 2.0 V, respectively. Although these values seemed large, 
particularly in comparison to the ≈ 150 mV transients in previous work [05], they were 
reduced by the Differential Amplifier to ≈ 100 mV as can be seen in Figure 2.12(c), showing 
expected behaviour. Section 3.3 displays the output from the constructed PCB, where the 
transients were reduced from ≈ 50 mV to ≈ 15 mV in Figures 3.6(a) and (b), respectively. 
Dimler et al., [05] displayed transients ≈ 150 mV prior to cancellation and claim these were 
reduced to <10 mV following cancellation. Differences between modelled and experimental 
values in sections 2.4 and 3.3 could be a result of the high speed techniques adopted from 
Green et al., [78] when designing the PCB layout and the improved symmetry of the 
Differential Amplifier on the PCB. Figures 2.12(c) and 3.6(b) display a shift from 0 for the 
steady state level as ground is not equal to 0 in this case.  
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Chapter Four - Conclusions and Further Work 
 
 
4.1 Conclusions 
 
Through a comprehensive literature review of photon detection methods and associated 
quenching circuits, capacitive quenching circuits were identified as an area that warranted 
further investigation. Computer modelling has been carried out to confirm the behaviour 
dictated by theory and optimise the value of key components. After this process, a physical 
circuit has been constructed which allowed practical experimentation to be conducted.  
 
Research had shown that passive quenching circuits are plagued by the low-pass filter 
formed by the RC combination of the ballast resistor and the SPAD as it deforms the over-
bias pulses. The removal of the resistor in favour of a capacitor solved this problem, 
allowing the square waves applied by the signal generator to be propagated to the DUT 
cleanly, without compromising the quenching ability of the circuit. These pulses were 
monitored by the Active Probe, added to prevent additionally loading the CQC and to export 
the waveforms to an external piece of equipment. The Active Probe and its performance are 
examined in sections 2.3 and 3.2. 
 
The Differential Amplifier has been included in addition to the CQC to reduce the transient 
voltage spikes produced during the application and discontinuation of the over-bias pulses. 
Sections 2.4 and 3.3 confirm that the Differential Amplifier demonstrated a good ability to 
reduce their presence on the output of the CQC. In the absence of the Differential Amplifier, 
the voltage transients were ≈ 50 mV, falling to ≈ 15 mV with its inclusion, as shown in 
Chapter 3. The lower magnitude of these spikes allows for the discriminator to amend its 
threshold voltage and thereby reduce the magnitude of the minimum detectable avalanche 
event, without the risk of increasing the number of
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In conclusion, the work in this thesis has shown that the CQC offers a viable alternative to 
the other forms of quenching circuits currently available. 
 
4.2 Recommendations for Further Work 
 
Should research into capacitive quenching circuits be continued from the point at which this 
thesis concludes, this section provides recommendations for further work that could be 
done.   
 
The circuit described and tested in Chapter 3 utilised silicon diodes (1N148) [79] for the 
Device Under Test and the capacitor C6, to allow circuit operation to be compared with the 
modelled data without any avalanche events to contend with. APD and SPAD devices could 
be fabricated and characterised, eventually replacing the silicon diodes for dark count 
measurements. The work conducted by Dimler et al. [05] used Perkin Elmer C30902S SPADs 
[71], these SPADs could be used following tests with the aforementioned fabricated devices 
as a means of comparison.  
 
Temperature variation was not focused on in this thesis as Dimler et al., [05] obtained their 
measurements at 300 K. However, as described in section 1.4.3, lower temperatures have a 
positive impact on the Dark Count Rate [44][45], suggesting that experimentation in this 
area might be of interest. This could be attempted using a Peltier or Thermoelectric Cooler 
[80][81][82], a vacuum Dewar flask [83][84] or a cryostat [85][86][87], depending on the 
desired temperature range. As described by Liu et al., [86] it is possible to insert the SPAD 
and associated quenching circuit directly into the cryostat, providing that the internal 
dimensions are sufficient to accommodate this, and the components are not cooled beyond 
their minimum operating temperatures. As the SPAD used by Dimler et al. [05][71] and the 
Op-Amps used for the Active Probe [76] and Differential Amplifier [77] have minimum 
operating temperatures of 233 K, a Peltier Cooler would be recommended as minimal 
modifications to the existing design would be required in order to test to this temperature. 
 
Finally, the circuit could be used to attempt to detect single photons. 
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